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DOI: 10.1039/c1jm10125kHigh index surfaces are introduced into Pt nanocrystals because they are expected to exhibit higher
catalytic activity than low index planes such as {111}, {100}, and even {110}. This article presents
a systematic investigation on the structure and stability of polyhedral Pt nanocrystals with both low-
index and high-index facets by means of atomistic simulations. It has been found that the stability of Pt
nanocrystals depends strongly on the particle shape and surface structures. Those nanocrystals,
enclosed by high-index facets of {310}, {311}, and {331}, possess better stability and higher dangling
bond density of surface compared with those ones with low-index facets, such as {100} and {110},
suggesting that they should become preferential candidates for nanocatalysts. The octahedral
nanocrystals with {111} facets, though they have excellent structural and thermal stabilities, present the
lowest dangling bond density of surface.1. Introduction
Platinum (Pt) is the unique catalyst for many important reactions
applied in modern chemical industry, petrochemical industry,
automobile exhaust purification, and fuel cells because of its
excellent activity and stability.1,2 The price of Pt, however, is
extremely high and its reserve is rare on the earth, limiting its
further wide use. In order to meet the increasing demand in
industry, to explore and design new types of Pt catalysts with
enhanced activity and stability therefore becomes the key issue in
development of industrial catalytic fields.
It is well-known that the exceptional chemical (especially the
catalytic) and physical properties of nanocrystals (NCs) are
determined not only by the large portion of surface atoms but
also by the surface structures of the particles.3 The former is
determined by the particle size, and the latter relies on the
particle shape. Available studies have also demonstrated that
the catalytic functionality of metal NCs was not only affected
by their size but also highly related to their shapes depending
on the crystallographic planes that terminate the NC surface.4,5
Therefore, the shape-controlled synthesis of NCs becomes
a promising direction for precisely tuning the activity, stability,
and selectivity of NC catalysts. After the pioneering work of
El-Sayed et al. for the synthesis of cubic and tetrahedral Pt
NCs,6 many efforts have been devoted to prepare Pt NCs with
different shapes by changing Pt precursors, reducing reagents,aDepartment of Physics and Institute of Theoretical Physics and
Astrophysics, Xiamen University, Xiamen, 361005, China. E-mail:
yhwen@xmu.edu.cn
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11578 | J. Mater. Chem., 2011, 21, 11578–11584stabilizing reagents, and solvents. So far, there are experimen-
tally synthesized Pt NCs catalysts with cube, tetrahedron,
octahedron, cuboctahedron, decahedron and icosahedron,
which are usually enclosed by low index facets of {100} and
{111}.7–14 Fundamental studies on the single-crystal surfaces of
bulk Pt have revealed that high-index planes exhibit much
higher catalytic activity than these low-index planes, because
high-index planes have a greater density of unsaturated atomic
steps, ledges, and kinks which can serve as active sites for
breaking chemical bonds.15 It is naturally expected that high
index surfaces should be introduced to improve the catalytic
activity of Pt NCs. This is, however, rather difficult owing to
the thermodynamical morphology preference, which is decided
by the crystal growth rules: NCs have a strong tendency to
form into structures with a minimization of the total surface
energy, i.e. the NCs are preferentially enclosed with {111} and
{100} low-index facets on which the atoms are closely packed,13
resulting in the rapid elimination of high-index planes during
particle formation. A breakthrough progress has been achieved
by Sun and co-workers who have successfully prepared tetra-
hexahedral Pt NCs bounded with {730} high-index facets by
developing an electrochemical square-wave potential method to
control the growth and the surface structure of Pt NCs.16–18
These unusual Pt NCs exhibited good stability and greatly
enhanced catalytic activity compared with the existing
commercial Pt catalysts.16–20 Their work has stimulated great
interest in synthesis, characterization and theoretical investi-
gation of those Pt NCs with high-index facets.
Despite the fact that the synthesis and catalytic properties of Pt
NCs have been extensively investigated, to the best of our
knowledge, a thorough study of surface structures and stabilities





























































View Onlinelacking. Although the surface energy of different crystalline
planes for face-centered cubic (fcc) bulk metals is generally
increased in the order of g{111} < g{100} <g{110} < g{hkl},
3,21 it is
unknown whether this order remains valid for Pt NCs when their
feature sizes decrease to several tens of nanometre or less.
Meanwhile, those Pt NCs, enclosed by high-index facets, will lose
their excellent catalytic activity once their shapes cannot be
retained, or the high-index surfaces are destroyed. Whether they
can reserve the original shapes and surface structures when they
are subjected to heating or put in high temperature conditions is
a vital factor for their industrial applications.
In this article, we have addressed studies of structures and
stabilities of Pt NCs with both low-index and high-index facets
by means of atomistic simulations. The structural stabilities and
catalytic activities of different types of polyhedral Pt NCs have
been investigated by comparison of cohesive energies and surface
atomic bonding states, respectively. Further, their thermal
stabilities have been investigated by monitoring the process of
shape transformation and melting under continuously heating.
However, apart from heating, the other factors facilitating the
particle transformation, and the surface reconstruction of Pt
have not been incorporated into our simulations.2. Simulation methodology
Six types of Pt NCs, namely cube enclosed by {100} facets,
dodecahedron by {110}, octahedron by {111}, tetrahexahedron
by {310}, trapezohedron by {311}, and trisoctahedron by
{331}, have been constructed from a large cubic fcc single
crystal of platinum. The first three NCs are typical ones with
low-index facets, while the remaining three ones are represen-
tative of NCs covered by high-index facets that exhibit different
open surface structures, situated respectively at the three
vertexes and lying in the middle of sidelines (the 3 crystallo-
graphic zones) of the unit stereographic triangle for fcc single-
crystal planes,17,22 as illustrated schematically in Fig. 1. Simi-
larly, a series of Pt NCs with different sizes and shapes are
modeled in this article. Due to the limitation of presentFig. 1 Unit stereographic triangle of polyhedral Pt NCs enclosed by
different crystal planes.
This journal is ª The Royal Society of Chemistry 2011computer facilities available, the total number of atoms in Pt
NCs varies between 100 and 350 000 atoms.
In atomistic simulations, the atomic interactions of platinum
are described by the quantum corrected Sutton-Chen (Q-SC)
type potentials.23 These potentials represent many-body inter-
actions, and their parameters are optimized to describe the lattice
parameter, cohesive energy, bulk modulus, elastic constants,
phonon dispersion, vacancy formation energy, and surface
energy, leading to an accurate description of many properties of
metals and their alloys.24,25 For the Q-SC type potentials, the
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accounting for the repulsion between the i and j atomic cores; ri is
a local electron density accounting for cohesion associated with









eqn (1)–(3), Rij is the distance between atoms i and j, a is a length
parameter scaling all spacings (leading to dimensionlessV and r);
c is a dimensionless parameter scaling the attractive terms; 3 sets
the overall energy scale; n andm are integer parameters such that
n > m. Given the exponents (n,m), c is determined by the equi-
librium lattice parameter, and 3 is determined by the total
cohesive energy. The model parameters for Pt are given as
follows: n ¼ 11, m ¼ 7, 3 ¼ 9.7894 meV, c ¼ 71.336, and a ¼
3.9163 A.26
Upon starting the dynamics simulations, all Pt NCs have been
first relaxed to a local minimum energy state by using the
conjugate gradient method (CGM).27 The cohesive energy of
each NC can be obtained by summing the total energy of atoms
in the NC. After full relaxation, these NCs are subjected to
a continuous heat process. To make the simulations more reli-
able, we employ constant temperature and pressure molecular
dynamics (NPT-MD) to allow energy and volume fluctuations,
which may be critical to the resulting dynamics. These NCs
undergo the heating process consisting of a series of NPT-MD
simulations from 0 to 2200 K with temperature increments of 20
K. The simulations are carried out for 200 ps of the relaxation
time at each temperature. The desired temperature and ambient
pressure are maintained by Nose–Hoover thermostat28 and
Berendsen approach,29 respectively, and the equations of atomic
motion are integrated by the velocity Verlet algorithm30 with
a time step of 1.0 fs.3. Results and discussion
For comparison of Pt NCs with different shapes and surface
structures, a common definition of particle size, based on




































































where N is the total number of atoms in Pt NC and a0 ¼ 3.924 A
is the lattice constant of bulk Pt. Note that there are four atoms
in each unit cell for fcc metals so that the volume of each atom
can be seen as a30/4. Fig. 2 shows the size dependence of the
cohesive energy obtained using the CGM scheme for the fully
relaxed Pt NCs of size up to 19 nm. In order to further investigate
the stability of Pt NCs with larger sizes, we express the cohesive
energy by consideration of NC composition. Considered that
a polyhedral NC can be composed of atoms located in its inte-
rior, facets, edges, and vertices, the average energy per atom of
the NC can be formulated as
E¼ 1
N







where N, Ni, Nf, Ne, Nv is the atomic number of the system,
interior, facets, edges, and vertices, respectively; E, Ei, Ef, Ee, Ev
is the average energy per atom of the system, interior, facets,
edges, and vertices, respectively. Hence, we adopt the polynomial
function above to fit the data of calculations with the framework
of the least square method, and depict the fitted curves in Fig. 2.
By comparison of cohesive energies, strong size effects are
evident although no significant superiority in stability is seen
among different types of polyhedral Pt NCs. This indicates that
surface effects play a dominant role in determining the stability
of Pt NCs under ultrafine crystal sizes. In spite of the small
discrepancies, the octahedron, enclosed by {111} facets, is found
to be the most stable shape, while the cubic one shows the worst
stability in all types of NCs. The trapezohedral and trisoctahe-
dral NCs exhibit similar stabilities, which are both higher than
that of tetrahexahedral NC. No critical particle size is found to
break the order of the stabilities of Pt NCs with different shapes
even when the NC sizes of the fitted curves are spanned to 60 nm,
as seen in the inset (a) of Fig. 2. However, preceded only by
octahedrons, the dodecahedral NC becomes more energetically
stable than the trisoctahedral and trapezohedral ones when its
size exceeds 76 and 85 nm, respectively, as illustrated in the insetFig. 2 Size dependent cohesive energies of Pt NCs with different shapes.
Inserted pictures: the results predicted from the fitting curves for Pt NCs
with large sizes: (a) from 20 to 60 nm; (b) from 60 to 100 nm.
11580 | J. Mater. Chem., 2011, 21, 11578–11584(b) of Fig. 2. Due to the lowest surface energy of {111} among all
planes of fcc single crystal, it is not surprising to observe that the
octahedron is the most stable morphology. However, previous
calculations of single-crystal basal planes have revealed that the
surface energy of {110} plane is higher than that of the {100}
plane,21 which may be indicative of the worst stability of
dodecahedral NCs. Contrary to this expectation, the worst
structural stability is not presented by dodecahedron but rather
by cube, suggesting that the surface energy is an intrinsical, but
not the only, factor to determine the stabilities of polyhedral
NCs. More facets are beneficial to the stability of NCs. Similarly,
this effect can be used to elucidate the better stabilities of the
polyhedral NCs covered by high-index facets than that of the
cubic one.
In catalytic chemistry, the catalytic reactions preferentially
take place on surfaces. Surface structural characteristics play
important roles at some stage of the chemical processing.
Therefore, investigation on atomic bonding characteristics of
NC surface is crucial to understand the catalytic activity and
efficiency. The coordinate number (CN) is usually used to
characterize the bonding states of atoms. It is equal to twelve in
fcc bulk metals. The CN of surface atom, always less than that of
bulk one, depends on the Miller index of the surface. It is 9, 8,
and 7 for the outer-layer atom on {111}, {100}, and {110}
surface, respectively. Dangling bond, denoting the lost atomic
coordination, is also used to feature the atomic bonding states of
surface.31 For the NCs, the periodic structure is broken on the
surface, resulting in the low CN and high dangling bond number
of surface atom. It should be noted that the concept of ‘‘dangling
bond’’ has been adopted here only for convenience to feature the
lost atomic coordination of surface atom, although the expres-
sion of dangling, or unsaturated, bonds has no meaning in metals
due to their delocalized electron density.
The dangling bond density of NC, defined as the number of
dangling bonds per surface area, largely determines its catalytic
activity. Generally, large dangling bond density is beneficial to
the catalytic reactions on NC surface. Fig. 3 illustrates the size
dependence of the dangling bond density. In order to extrapolateFig. 3 Dangling bond density of surface as a function of NC size. Inset:
the results extrapolated from the fitting curves for Pt NCs with sizes
between 20 and 100 nm.
This journal is ª The Royal Society of Chemistry 2011
Fig. 4 Temperature dependent potential energies and specific heat





























































View Onlinethese results to NCs with large sizes, the dangling bond density of
NC, based on the consideration of surface composition, is
expressed as follow
s ¼ Nf







where Df, De, Dv is the average dangling bond number of atom
on facets, edges, and vertices, respectively; S is surface area of
NC. We adopt the equation above to fit the data of calculations
using least square method, and present the fitted curves in Fig. 3.
It is clearly seen that the dangling bond densities increase with
decreasing particle size, showing a size effect. Especially, this
effect becomes remarkable as the particle size is below 10 nm.
Additionally, the dangling bond density relies strongly on the
Miller index of surface. The six types of polyhedra exhibit
distinct order of dangling bond density from Fig. 3 when their
sizes are above 6 nm: tetrahexahedron enclosed by {310} facets is
found to possess the highest dangling bond density, sequentially
followed by dodecahedron, trapezohedron, trisoctahedron, cube,
and octahedron. This order remains valid until the NC sizes are
spanned to 100 nm, as illustrated in the inset of Fig. 3. It is clear
that all high-index facets display higher surface dangling bond
density than low-index facets of {100} and {111}, indicating that
Pt NCs with these high index facets of open surface structure
would exhibit remarkably superior reactivity for chemical reac-
tions than those enclosed by low-index planes excepting the
dodecahedral one covered by {110} facets on which the surface
atoms are arranged in such a way of open structure. Moreover,
among all the atomic arrangements of different surfaces, the
lowest CN (equal to 6) occurs at step atoms on {310} surface,
which naturally leads to a stronger tendency to form or break
atomic bonds. Excellent catalytic properties have also been
confirmed experimentally that tetrahexahedral Pt NCs enclosed
by {210}, {310}, and {730} facets exhibited an efficiency of
almost four times more than that of the commercial Pt/C catalyst
for ethanol electrooxidation.16–18 Note that the {730} facet is
periodically composed of two {210} subfacets followed by one
{310} subfacet.
Due to the existence and potential application of polyhedral Pt
NCs at ambient conditions, a natural motivation has arisen to
investigate their thermal stabilities under heating or high temper-
ature conditions. Herein, we make a further exploration on
temperature dependent stability analysis of aforementioned
polyhedral Pt NCs. The temperature of solid-liquid phase transi-
tion can be generally determined by analyzing the variation of the
thermodynamic properties such as potential energy and specific
heat capacity during the heating process.23Therefore, we calculate
the average potential energy during the heating process and






where Rgc ¼ 8.314 J mol1 K1. Fig. 4 displays the results of six
types of Pt NCs with approximate size of 5 nm. Here, the melting
temperature, Tm, defined as the temperature at which the heat
capacity reaches its maximum, is almost equal for all types of
NCs (1800 K or so) and roughly independent of particle shape.
Compared to the experimental bulk value of 2045 K,32 the
melting points for Pt NCs are pronouncedly decreased by 245 K.This journal is ª The Royal Society of Chemistry 2011Since those atoms on the surface have lower CNs and weaker
bonding forces than bulk atoms, this reduction arises in part
from surface effects and could be attributed to the existence of
surface premelting, which has been demonstrated in previous
studies on diffusive behaviors of atoms in nanoclusters.23,24
Meanwhile, before reaching the overall melting points, the
temperature dependent potential energies of Pt NCs deviate
diversely from the initial linear increase with rising temperature.
The different deviations are closely associated with shapes and
surface structures of Pt NCs.
For further investigation on the structural evolution of Pt
NCs, the trajectories of atomic motion at various temperatures
and moments during the heating process have been recorded in
the output files. Here we have extracted some representative
snapshots of the six types of Pt NCs at different temperatures. In
order to highlight the atomic diffusive process, all atoms in NCs
are first classified into two categories according to their CNs at
the original states. Atoms with 12-fold coordination are
considered to be interior atoms; the others, having CNs less than
12, are regarded as surface atoms.
Fig. 5 displays snapshots of cubic, dodecahedral, and octa-
hedral Pt NCs at four different temperatures under the heating
process, implying the shape transformation from polyhedron to
sphere prior to the overall melting. Apparently, every NC is
capable of keeping its initial shape and surface structure at room
temperature (300 K). Nevertheless, careful analysis shows
distinct differences among these three NCs. It is found that the
cubic NC can basically retain its original structure and shape up
to 700 K or so. With the temperature rising, atoms at eight
vertices of the cubic NC preferentially move inward and push
against their coordinated atoms. Consequently, {111} facets
emerge from the interior, as illustrated in Fig. 5a. The formed
{111} facets can be enlarged gradually with further increased
temperature, which lowers the surface energy of the NC to some
extent. At 1300 K, the cubic NC looks like a tetrakaidecahedron
(truncated cube). At this time, some interior atoms occur
on surface by thermal diffusion while the majority of atoms on
{100} facets maintain their fcc arrangements. At 1700 K, we can
see that the shape of the cubic NC has changed completely into
a sphere, and surface structure has been destroyed simulta-
neously due to surface premelting of {100} facets. Similar to theJ. Mater. Chem., 2011, 21, 11578–11584 | 11581
Fig. 5 Snapshots of Pt NCs with low-index facets taken at different representative temperatures during the heating process. (a) Cube, (b) dodeca-





























































View Onlinecubic NC, the dodecahedral one can retain its shape and surface
structure at low temperature. With the temperature rising, its
apex atoms are preferentially diffusive to adjacent facets, leading
to exposure of {111} facets (see Fig. 5b). At 1300 K, it is found
that atoms at all vertex sites disappear and the edges become
obtuse and illegible. The atomic diffusive activities become more
frequent and intensive until the NC fully loses its initial shape
and transforms into sphere-like particle at 1700 K, as illustrated
in Fig. 5b. As for the octahedral NC, a better stability can be
clearly identified from Fig. 5c. Its initial shape has been retained
up to 1300 K. Smoothness of apexes begins to appear with
further elevated temperature. It is worth noticing that atoms on
the center region of {111} facet retain fcc structure up to 1700 K
(see Fig. 5c), indicating higher premelting temperature of {111}
surface compared with {100} and {111} ones.
Generally, those NCs enclosed with high-index facets are
expected to have poor thermal stabilities due to their high density
of atomic edges, steps, and kinks, which is just the reason for
their high catalytic activities. This presupposition, however, has
been demonstrated to be invalid here. Fig. 6 illustrates repre-
sentative atomic configurations of tetrahexahedral, trapezohe-
dral, and trisoctahedral Pt NCs at four different temperatures. It
can be seen from Fig. 6a that {111} facets first form in the tet-
rahexahedral one at 800 K or so due to the diffusive behaviors of
atoms on eight apexes of the cubic frame, somewhat similar to
cubic NC. Those atoms, located on other six apexes, also move to
their adjacent facets at elevated temperature. It is worthwhile
noting that the {310} facets consist of a series of {100} facets,
they can maintain good fcc structures up to 1300 K although the
edges are somewhat obtuse (see Fig. 6a). In comparison with the
tetrahexahedral NC, the trapezohedral and trisoctahedral ones
can keep their initial configurations more effectively. The
trapezohedron, covered by {311} facets, is composed of a series
of {111} facets (see Fig. 6b), and the trisoctahedron is considered
to be formed on the basis of an octahedron with each face capped
by a pyramid that is stacked by {111} facets (see Fig. 6c). Owing11582 | J. Mater. Chem., 2011, 21, 11578–11584to the fact that the structural stability of {111} plane, in which
atoms are in a most close-packed pattern, is obviously higher
than that of the other two low-index planes, it is naturally
expected that the trapezohedral and trisoctahedral NCs exhibit
better shape and thermal stabilities in comparison with the tet-
rahexahedral one. Furthermore, these polyhedra enclosed by
high-index facets are even more stable than the cube and the
dodecahedron. A confirmable fact is that the tetrahexahedral Pt
NCs are thermally stable to temperatures of 800 C or so with the
preservation of the shape and facets.16
The aforementioned results demonstrate that all types of NCs
transform into sphere-like particles prior to their overall melting,
indicating the occurrence of shape transformation and the
destruction of surface structures. As is known, surface structural
characteristics of NCs are crucial for their chemical and physical
properties. However, it is difficult to precisely decide when the
surface structure becomes destroyed during the heating process.
Considering that the surface structure relies on the particle
shape, here we introduce a statistical radius to quantitatively
describe the transformation of the particle shape. The statistical











where (RjRcm) is the distance of atom j from the particle center
of mass. For an fcc system of N atoms, the statistical radius is
smaller for spherical particle than that of particles with poly-
hedral shapes. Due to the fact that the number of atoms in each
Pt NC is different, the statistical radius is normalized with respect
to the atomic number of NC by the equation33
R ¼ RN/N1/3. (9)
Fig. 7 illustrates the normalized statistical radii of NCs
calculated from the equations above with the elevatedThis journal is ª The Royal Society of Chemistry 2011
Fig. 6 Snapshots of Pt NCs with high-index facets taken at different representative temperatures during the heating process. (a) Tetrahexahedron, (b)





























































View Onlinetemperature. The statistical radii of six types of NCs all increase
linearly when the temperatures are below 1000 K, which is
definitely originated from the lattice thermal expansion. By
investigation on the corresponding atomic configurations, there
is no noticeable change in both shape and surface structure. The
thermal expansion coefficient, deduced from Fig. 7, is about 1.37
 105 K1, significantly higher than that of bulk Pt (8.8  106
K1).34 This phenomenon of enhanced thermal expansion coef-
ficient is also experimentally observed in Au nanoparticles.35
Because the statistical radius will decrease when the polyhedral
particle begins to change, we identify the temperature at which
the departure of the radius from its initial linear increase occurs
as the critical temperature of shape transformation. Therefore,
the distinguishable critical temperature is 1220, 1140, 1520, 1260,
1360, and 1460 K for the cubic, dodecahedral, octahedral, tet-
rahexahedral, trapezohedral and trisoctahedral Pt NCs, respec-
tively, demonstrating that it is strongly dependent on the particleFig. 7 Temperature dependence of normalized statistical radii of Pt NCs
during the heating process.
This journal is ª The Royal Society of Chemistry 2011shape. Above the critical temperature and before the overall
melting point, the radius is mainly influenced by not only thermal
expansion but also shape transformation. The latter will lower
the statistical radius. It is seen from Fig. 7 that the radii of Pt NCs
except the trapezohedral one, gradually drop down in varying
degrees, signifying the shape transformation induced by diffu-
sion of surface atoms (see Fig. 5 and 6). Nevertheless, the tra-
pezohedral NC exhibits a different behavior compared with the
others: its radius increases monotonously with the rising
temperature, suggesting that the thermal expansion has more
remarkable influence on radius than the shape transformation.
Our previous study has demonstrated that for spherical NC
without shape transformation, its radius is also increased
continuously before completely melting.36 Due to the fact that
the trapezohedron is the closest to spherical shape in all the six
shapes of Pt NCs (see Fig. 1), it is reasonable to observe the
above-mentioned behavior.4. Conclusions
In summary, the structure and stability of polyhedral Pt NCs
with both low-index and high-index facets have been systemati-
cally investigated by atomistic simulations. The results have
revealed that the structural and thermal stabilities of Pt NCs are
strongly dependent on their shapes and surface structures. In all
Pt NCs, the octahedral one enclosed with {111} facets exhibits
better structural and thermal stability than the others. The cubic
one shows the worst structural stability while the dodecahedral
one has the worst shape stability. The three Pt NCs covered by
high-index facets of {310}, {311}, and {331} have better stability
than those enclosed with low-index facets of {100} and {110}.
What’s more important is that these Pt NCs with high-index
facets have a high dangling bond density of surface, which is of
significance for the high chemical reactivity of catalysis. Our
simulations have suggested that these high-index facets should be





























































View Onlinesurface structure with both high activity and good stability.
These results are expected to motivate future experimental
attempts on shape-controlled synthesis of nanoparticle catalysts
of open surface structure and on tailoring their catalytic prop-
erties at the nanoscale.Acknowledgements
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